A solid desiccant air-conditioning system has received widespread attention, since it holds obvious predominance such as using low grade solar energy for a regeneration process of desiccant materials. For heating and regenerating a desiccant rotor in the system, indirect methods such as air heating or water heating with solar collectors have been focused in most previous studies. In indirect methods, however, regeneration temperature cannot sufficiently become high due to low thermal efficiency of solar collectors, that is, heat loss. To overcome this problem, an idea of heating and regenerating the desiccant rotor by direct concentrated solar irradiation using a non-imaging Fresnel lens was previously proposed by two of the present authors. The objective of this study is to present experimental results of dehumidifying (adsorption) rate of a desiccant rotor regenerated by direct concentrated irradiation from an artificial solar lamp. The dehumidifying rate was measured in the conditions of different inlet air temperatures, relative humidities and flow velocities, and the influences of these operating parameters on the dehumidifying rate and outlet humidity were examined. The dehumidifying rate increased with the inlet humid air temperature due to high air temperature giving a large vapor pressure difference between the humid air and the air adjoining the desiccant rotor wall surface. The dehumidifying rate also increased almost lineally as the relative humidity increased, as in indirect heating systems. Moreover, the rate showed a maximum at intermediate flow velocity. In the present study, the optimum velocity reaching a maximum seemed around 0.15 m/s.
Introduction
The loads of air conditioning are separated into two types: sensible heat load (thermal load) and latent heat load (moisture load) (La et al., 2010) . For the air conditioning system improving an indoor air condition with a fresh outside air, the latent heat load is an indispensable component of the entire air conditioning load. In the traditional vapor compression air conditioning system, the process air, that is, fresh air is cooled below the dew-point temperature for condensation dehumidifying. Then, both the sensible and latent heats are dealt with. However, to control the indoor air humidity effectively, it is preferable to handle the sensible heat and latent heat independently. To achieve this, a desiccant air conditioning system based on adsorption effect of adsorbents for water vapor dehumidifying has been developed and improved. Using a desiccant cooling system, the latent heat load and sensible heat load can be handled separately. Therefore, the desiccant air conditioning system has attracted great attention due to the demand for high quality living environments (Albers et al., 2011) .
With the rapid development of society, world energy consumption is expected to increase by 71% from 2003 to 2030 (Hwang et al., 2008) . Energy consumption in air conditioning is estimated 45% of the whole consumption of civil and commercial buildings due to great demand of people for comfortable living environments (Henning, 2007) .
Meanwhile, the air conditioning industries face major problems of energy shortage and threat of global warming. Consequently, it is imperative to develop the high-performance desiccant cooling technologies to substitute for the conventional vapor compression systems (Zheng et al., 2014) .
The desiccant cooling system generally includes three components: a desiccant dehumidifier with effective desiccant material, a driving thermal resource for regeneration of desiccant material, and a cooling device reducing the temperature of dehumidified air (Sultan et al., 2015) . In the case where a solid state desiccant material is employed, a rotating desiccant rotor is generally used as the desiccant dehumidifier. The process air, that is, humid ambient air is dehumidified during passing through the rotating desiccant rotor, and it becomes dry air due to removing the water vapor. Then, the dry air is supplied into the indoor room after cooling process which corresponds to sensible heat control.
To operate the desiccant cooling system continually, regeneration of the desiccant material is required: driving out the adsorbed water vapor from the desiccant material. To adsorb the water vapor favorably in the next step, the desiccant material must be dried sufficiently. Therefore, this regeneration process of the desiccant material is a fatal link to operate the desiccant cooling system effectively. The regeneration is achieved by heating the desiccant material up to its regeneration temperature. According to the statistics, for the middle level hot and humid condition, the required regeneration temperature is more than 80°C, while, for the extreme high hot and humid case, the temperature is even more than 95°C.
A number of studies have demonstrated the potential for harnessing solar energy to regenerate the desiccant. The development and construction of a novel solar cooling and heating system was presented by Enteria et al. (2010) . They reported that the thermal energy subsystem functioned well with expected performance in solar energy collection and thermal storage. An experimental investigation was reported about a one-rotor two-stage desiccant cooling/heating system driven by solar air collectors (Li et al., 2011) . Experimental results proved that the solar COP of its system was about 0.45 when thermal efficiency of the collector was 50%. For an institutional building in subtropical Queensland, Australia, the analysis of solar desiccant cooling system was presented by Baniyounes et al. (2012) . The installed cooling system consisted of 10 m 2 solar collectors and a 0.4 m 3 hot water storage tank, and the estimated annual primary energy saving was 22%. The experimental investigation of a solar desiccant cooling installation powered by vacuum-tube solar collectors was carried out by Bourdoukan et al. (2009) . Also, Eicker et al. (2010) reported the operational results with solar air collector driving desiccant cooling systems installed in Spain, Germany and China.
On the whole, at present, a great number of researches have concentrated on how to improve the thermodynamic coefficient of performance and energy usage ratio of rotary desiccant system. Most researchers focus on using solar collector to convert the solar energy into thermal energy of hot water or hot air. However, in indirect methods, the regeneration temperature cannot sufficiently become high due to low thermal efficiency of collectors. According to K. Sopian et al. (2009) , the thermal efficiency is generally 60 -70%. If we want to provide so high temperature regeneration air, there must be some new methods to use the solar energy effectively.
To overcome the problem of energy loss, a new direct heating method was mentioned by two of the authors, Hamamoto and Mori (2010) . In the new method, the rotor is heated by solar irradiation, concentrated by Fresnel lens, impinging the desiccant rotor directly. Figure 1 shows an image of such a regeneration process with solar irradiation. Fig. 1 Image of desiccant rotor heated by concentrated solar irradiation (Hamamoto and Mori, 2010) . Li, Hamamoto and Mori, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) The Fresnel lens provides strong solar heat flux to the desiccant rotor. By direct heating, the desiccant rotor is heated and regenerated quickly and effectively. Its ideal thermal efficiency is 100%. In their study, a theoretical model was developed for performance analysis of the desiccant rotor heated directly by solar energy. In the simulation model, diffused reflection was assumed to estimate the energy distribution absorbed by the rotor channel wall instead of regular reflection. However, they provided only some calculation results from the theoretical model. Therefore, it is necessary to clarify the actual performance of the desiccant rotor by experiments.
Considering the practical situation, the transmissivity of the lens is estimated about 85%. So, when applied to an actual system, the amount of direct heating to the rotor is less than in the ideal case. However, the energy absorbed by the lens increases the temperature of the air flowing into the rotor by the heat transfer from the lens surface to the air, so it can be expected that the almost energy irradiated to the lens is effectively used. The author's obtained the data indicating that approximately 95% of the energy of the light after the lens is used to directly heat the rotor (Li et al., 2015) . The rest heats the air at the front of the rotor. From the above, more than 80% of irradiation energy to the lens can be used for direct hating of the rotor and the rest is expected to be used for heating air.
This study presents the experimental results of dehumidifying (adsorption) rate of a desiccant rotor regenerated directly by concentrated solar light irradiation. The influences of inlet air temperature, humidity and flow velocity at the inlet of the rotor on the dehumidifying rate and rotor outlet humidity are discussed.
2. Experimental facility, conditions and method
Experimental facility
Figure 2 schematically shows the measurement apparatus composed of solar light, two Fresnel lenses, test section, ducts for connecting each component, sensors for measuring temperature, humidity and air flow velocity, and air conditioning system (air generator). An opaque slide shutter set in front of the Fresnel lens was used to prevent the solar light irradiation onto the rotor during adsorption process. When the shutter was closed, the light irradiation was blocked. While, when the shutter was unclosed, the rays from the light were concentrated through the Fresnel lens to heat the rotor directly during desorption process. Then, the desiccant rotor was regenerated.
Measurements were carried out under the different conditions of inlet air temperature, humidity and flow velocity. The inlet temperature, relative humidity and velocity of air flow were measured at the duct A as shown in Fig. 2 . The outlet temperature and humidity of air flow were measured at the duct D. The outlet air humidity is an important measuring indicator to evaluate the adsorption or desorption rate in the desiccant rotor. Using the outlet air humidity, the dehumidifying rate of the rotor was calculated, as described later.
The Fresnel lens shown in Fig. 3 was used to concentrate the irradiation from the artificial solar light and to provide stronger heat flux to the desiccant rotor. Two lenses were used to change the direction of the concentrated solar light irradiation. Passing through the first Fresnel lens, the diffused light rays were changed to the parallel rays. Then, after the second lens, the rays were concentrated on the rotor. The size of each Fresnel lens was 0.4 m × 0.4 m and its thickness was about 3 mm. The concentrated ratio was set at 5 from the distance between the lens and rotor front. The power of solar light was 500 W, and part of the light rays reached the lens. The amount of the energy getting to the lens was estimated 52.8W. Usually, for a cyclical change of adsorption and desorption processes, the desiccant rotor rotates continually. Hence, the rotor material is cyclically exposed to the air of a different condition corresponding to the adsorption or desorption mode. In the present experiment, the rotor was not rotated, but the cyclic adsorption/desorption processes were achieved by the periodic shutter opening and closing operation. This operation simulated the rotor situation irradiated by the solar rays intermittently, namely, only during the desorption process. Fig. 2 Schematic of measurement apparatus for dehumidifying rate of desiccant rotor. 
Experimental conditions
Experimental conditions of the rotor parameters and inlet air conditions are listed in Table 1 . The inlet air flow velocity ua was determined by dividing the volumetric flow rate of air measured in the duct A by the front area of the desiccant rotor. The adsorption and desorption process times were equally 180 s.
Data evaluation method
In the measurement, the dehumidifying (adsorption) rate ΔMad of the desiccant rotor was obtained by Eq. (1), given per hour. (1)
The dehumidifying rate ΔMad is the amount of water vapor adsorbed by the desiccant rotor in the adsorption process. In Eq.
(1), ρa is the inlet air density (kg(DA)/m 3 ), ua is the inlet air velocity (m/s), A is the cross-sectional area in front of the rotor (m 2 ), and xin and xout are the inlet and outlet air humidity, respectively. And, is given by the time-integral average of the humidity difference between the inlet and outlet air during the adsorption process, in which xin -xout becomes positive. While, when desorption takes place, becomes negative. The measurement was made after reaching a steady state cycle of adsorption and desorption processes. Maximum measuring errors of the temperature, relative humidity and air flow velocity were ±0.1 K, ±1% in RH and ±0.1 m/s, respectively, and accordingly the humidity error was estimated up to ±0.0002 kg/kg(DA). This humidity error corresponded to the average error of the dehumidifying rate of about ±40% in the experiments. Actually, the error of the dehumidifying rate was evaluated small and around ±20% from the reproducibility of more than one data obtained under the given same conditions. Figure 4 presents an example of the time variation of the measured outlet air humidity. The inlet air humidity is 0.016 kg/kg(DA). It is seen that, in the adsorption process from 0 to 180 s with no irradiation heating, the outlet humidity is generally smaller than the inlet air humidity, that is, xin -xout is positive due to adsorption of the desiccant rotor. While, in the desorption process from 180 to 360 s with irradiation heating, the outlet humidity overall becomes higher than the inlet humidity, namely, xin -xout is negative by desorption. More exactly, at the beginning of the Vol.12, No.2 (2017) adsorption process the outlet humidity decreases markedly from the value higher than the inlet humidity to the lower value and after reaching a minimum it slightly increases. Whereas, the outlet humidity increases significantly from the lower value compared to the inlet humidity to the higher value at the beginning of the desorption process and decreases slowly after reaching a maximum. The trends both in the adsorption and desorption processes are almost symmetry, and the respective areas between xin and xout are almost the same. Sudden change in the early step of each process comes about by the switching operation of irradiation exposure; the outlet humidity above the inlet humidity in the initial step of the adsorption process is attributed to the switchover from the desorption process, which ends in the condition of the outlet humidity higher than the inlet humidity. Similarly, the low initial value of the desorption process is due to the shift from the adsorption process at the level below the inlet humidity. In the case of Fig. 4 , the outlet air temperature showed a tendency to increase gradually during the desorption process due to the irradiation heating, and to decrease slowly and to approach the inlet air temperature during the adsorption process because of no heating. Changes in the outlet temperature during the adsorption and desorption processes were only about 1 K. Fig. 4 Outlet humidity in adsorption and desorption processes. Figure 5 shows the influence of the inlet air temperature T on the dehumidifying rate ΔMad. It is observed that the dehumidifying rate increases with increasing inlet air temperature. This is explainable in terms of the difference between the partial pressure of water vapor in the humid air flow and the vapor pressure of water vapor on the desiccant rotor wall surface, that is, a driving force of vapor transfer. The temperature difference between the humid air flow and the desiccant rotor wall in the adsorption process is thought approximately the same independently of inlet air temperature as the lamp heating power is constant. When the temperature change is the same, the corresponding water vapor pressure change becomes larger with raising temperature level from characteristic of the vapor pressure curve of water vapor. Therefore, as the inlet air temperature increases, the driving force of vapor transfer in adsorption becomes large, thus leading to the increase in the dehumidifying rate.
Experimental results and discussion

Outlet humidity and temperature measurements
Influences of inlet air temperature and humidity on the dehumidifying rate
Additionally, in Fig. 5 , it is seen the increasing of the dehumidifying rate is retarded at high inlet air temperature. This is thought because, at higher inlet air temperature, more active desorption brings about larger adsorption heat generation leading to larger wall temperature rise, which suppresses the progress of adsorption greater.
In Fig. 6 , the effect of the inlet air relative humidity RH on the dehumidifying rate ΔMad is presented. The dehumidifying rate seems to increase almost lineally with inlet relative humidity. This is because high humidity air has high partial pressure of water vapor providing more moisture removal capacity. Consequently, the desiccant rotor obtains better dehumidification capacity with higher humidity.
The above influences of inlet air temperature and humidity are similar to the results of the studies for indirect 
In Out Adsorption Desorption heating types (Jia et al., 2006, and White, 2011) .
Figures 7 and 8 show the influences of the inlet air humidity xin and the inlet air enthalpy hin on the dehumidifying rate ΔMad, respectively. The dehumidifying rate tends to increase monotonously with increasing humidity and enthalpy in the same way of the effect of inlet air temperature. These results are also similar to the results in the indirect heating desiccant system. Also, it is seen the dehumidifying rate is well related to the inlet humidity xin in Fig. 7 independently of the inlet relative humidity, compared to the inlet enthalpy in Fig. 8 . Hence, the humidity of the inlet air is an important (dominant) parameter influencing the dehumidifying rate. Fig. 5 Influence of inlet air temperature on the dehumidifying rate. 
Influence of air flow velocity
Figures 9 (a) to (c) show the influence of air flow velocity on the time change of outlet humidity xout. The change in outlet humidity, that is, the average of xin -xout in the adsorption or desorption process becomes small with increasing air flow velocity from 0.09 m/s to 0.22 m/s. This air velocity effect is understandable as follows. As the air velocity increases, the residence time of the flowing air in the rotor channel is shortened, and this leads to not enough time for the adsorbent to adsorb water vapor. On the other hand, the air mass flow is proportional to air velocity. Multiplication of these two changes results in the dehumidifying rate change. The result is shown in Fig. 10 . The dehumidifying rate increases at low velocity while decreases at high velocity, and consequently reaches a maximum at intermediate velocity 0.15 m/s. From the results, it is recognized the mass flow rate increasing is superior at low flow velocity but the average xin -xout decreasing is predominant at high flow velocity. In the present conditions, the optimum velocity seems around 0.15 m/s. Although the measuring air flow velocity error is up to ±0.1 m/s, the air flow was controlled by input power to the air flow fan in Fig. 2 , and by confirming data reproducibility, therefore it is indeed the optimum velocity appears at the intermediate velocity. To clarify the effectivity of this direct irradiation heating method compared with the conventional hot air regeneration method, the comparison of the desorption rate was made previously (Hamamoto et al., 2016) . When the rotor was regenerated using the same amount of heat for raising the temperature of the air as the amount of heat irradiated to the rotor, the desorption rate was found out about 30% smaller than that of the present method. However, when the air flow velocity is low, it is expected the difference becomes small. So, in future, it is necessary to study the regeneration characteristics in the low air flow velocity condition.
The observed value of xin-xout was not enough to realize the proposed method in a practical use. In this experiment, the fluxes of the irradiation energy on the lens and rotor were about 0.4 kW/m 2 and 2 kW/m 2 , respectively, and these were not enough. It is required to further increase the flux on the rotor to increase the concentrated ratio of the lens. We plan to estimate the xin-xout value for the higher irradiation flux condition by construction of a simulation model for actual system design. For this, the present experiment data are useful.
Conclusions
This study presented measurement results of the dehumidifying rate in the desiccant rotor operating cyclically adsorption and desorption processes and regenerated directly by concentrated artificial solar light irradiation in the desorption process. The dehumidifying rate in the adsorption process was measured in the conditions of different inlet air temperatures, relative humidities and flow velocities. The influences of these parameters on the dehumidifying rate and outlet humidity were clarified. The main findings are as follows.
(1) In the adsorption process with no irradiation heating, the outlet humidity is generally smaller than the inlet air humidity, while, in the desorption process with irradiation heating, the outlet humidity becomes overall higher. More exactly, at the beginning of the adsorption process the outlet humidity decreases markedly from the value higher than the inlet humidity to the lower value, whereas, at the beginning of the desorption process, it increases significantly from the lower value compared to the inlet humidity to the higher value. Namely, the effect of switchover between irradiation heating on and off appears in each initial step of the adsorption and desorption processes. (2) The dehumidifying rate increases with increasing inlet air temperature. This is attributed that the wet vapor pressure difference between the humid air and the adsorbent surface wall, that is, the driving force of vapor transfer increases with increasing inlet air temperature. In addition, the dehumidifying increasing rate becomes small at high inlet temperature. This is reflected by suppression of adsorption progress due to active heat generation of adsorption. (3) As the inlet air relative humidity increases, the dehumidifying rate increases almost lineally. Also, it was confirmed that the dehumidifying rate increases with the inlet humidity and enthalpy. (4) The average difference between the outlet air humidity and inlet air humidity becomes small with increasing air flow velocity. As a result, the dehumidifying rate shows a maximum at intermediate flow velocity. In the present study, the optimum velocity reaching a maximum seems around 0.15 m/s. 
